Title of the Invention D-1485 
DC-DC CONVERTER 

Background of the Invention and Related Art Statement 
5 [0001] The invention relates to a DC-DC converter for 
switching a semiconductor switch device to convert a DC voltage 
to a certain level and for supplying the DC voltage to a load. 
Specif ically, the invention relates to a DC-DC converter that 
reduces a switching loss of the semiconductor switch device even 

10 when an output voltage fluctuates. 

[0002] A DC-DC converter switches a semiconductor switch 
device to convert a DC voltage, and conducts feedback control to 
maintain an output voltage supplied to a load at a certain value. 
In this case, when a load current becomes below 20 to 30% of a 

15 rated current, the switch device converts the voltage through the 
switching with extremely low efficiency. In order to prevent the 
voltage conversion efficiency from lowering at a low load current, 
in a known method, a switching frequency is lowered according to 
the decease in the load current to reduce a loss associated with 

20 the switching of the switch device. 

[0003] Conventional feedback control methods for the DC-DC 
converter include pulse width modulation (hereinafter referred to 
as "PWM") and pulse frequency modulation (hereinafter referred to 
as "PFM") . Japanese Patent Publications (Kokai) No. 11-155281, 

25 No. 2001-112251, and No. 2001-157446 have disclosed DC-DC 
converters employing, in addition to the PWM control mode, the 
PFM control mode in which the switching frequency is lowered in 
response to the decrease in the load current to maintain high 
conversion efficiency in a wide load range. 

30 [0004] The PWM control mode for the DC-DC converter will be 
described next. Fig. 29 is a block circuit diagram of a step- 
down DC-DC converter with the PWM control mode. 

[0005] In the step-down DC-DC converter, an input power supply 
voltage Vin is converted to a certain voltage level and is 
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supplied to a load LOAD. The step-down DC-DC converter includes 
an error amplifier Ampl, a capacitor CI for phase compensation, a 
resistance Rl for phase compensation, a feedback resistance R2, a 
feedback resistance R3, an oscillator circuit 0SC2, a comparator 
5 Cmpl for pulse width modulation, a p-channel output transistor 
(MOSFET) PI, an n-channel output transistor (MOSFET) Nl, a choke 
coil L, a driver circuit Drl, a driver circuit Dr2, and a 
smoothing capacitor Cout. 

[0006] In the step-down DC-DC converter with the PWM control 
10 mode, a resistance divides an output voltage signal Vout to 
obtain a feedback signal Vfb, and it is controlled so that the 
feedback signal Vfb is equal to an output voltage control signal 
Vcont for determining the output voltage signal Vout. For 
example, when the feedback resistance Rl and the feedback 
15 resistance R2 for dividing the output voltage signal Vout have 
the same value, the output voltage signal Vout is twice as high 
as the output voltage control signal Vcont. 

[0007] The output voltage control signal Vcont is connected to 
a positive input terminal of the error amplifier (operational 

20 amplifier) Ampl. The feedback signal Vfb is connected to a 
negative input terminal of the error amplifier Ampl. The error 
amplifier Ampl constitutes an integration circuit using the phase 
compensation resistance Rl and the phase compensation capacitor 
CI. An error amplifier output signal Verr from the error 

25 amplifier Ampl and a triangular wave signal Vosc2 from the 
oscillator circuit OSC2 are inputted to the comparator Cmpl for 
pulse width modulation. 

[0008] A source of the p-channel transistor PI is connected to 
the input power supply voltage Vin and a drain of the p-channel 
30 transistor Pi is connected to the choke coil L. The driver 
circuit Drl drives a gate of the p-channel transistor PI. The n- 
channel transistor Nl is connected to the ground potential GND 
and the choke coil L. The driver circuit Dr2 drives a gate of 
the n-channel transistor Nl . The output voltage signal Vout is 




converted to the DC voltage by the choke coil L and the smoothing 
capacitor Cout, and is supplied to the load LOAD. 

[0009] The PMW control mode of the DC-DC converter will be 
described next. The oscillator circuit OSC2 oscillates at a 
5 predetermined frequency and outputs a triangular wave signal 
Vosc2. The triangular wave signal Vosc2 and the error amplifier 
output signal Verr are inputted to the comparator Cmpl for pulse 
width modulation. The comparator Cmpl outputs a pulse-width- 
modulation signal Vcmp to the driver circuits Drl and Dr2 . When 

10 the signal Vcmp is "Low", the p-channel transistor PI is switched 
on. When the signal Vcmp is "High", the n-channel transistor Nl 
is switched on. The driver circuits Drl and Dr2 adjust timings 
thereof so that the p-channel transistor PI and the n-channel 
transistor Nl are not switched on at the same time to prevent a 

15 through current from flowing from the input power supply voltage 
Vin to the ground potential GND. 

[0010] When the p-channel transistor PI is on, electric 
charges flow from the input power supply voltage Vin to the 
smoothing capacitor Cout via the choke coil L, so that a current 

20 flowing through the choke coil L increases. When the n-channel 
transistor Nl is switched on, electric charges flow from the 
ground potential GND to the smoothing capacitor Cout, so that the 
current flowing through the choke coil L decreases. The feedback 
resistance R2 and the feedback resistance R3 divide the output 

25 voltage signal Vout to generate the feedback signal Vfb. The 
feedback signal Vfb is inputted to the error amplifier Ampl 
together with the output voltage control signal Vcont, and the 
feedback control is conducted so that the feedback signal Vfb 
becomes equal to the output voltage control signal Vcont. 

30 [0011] The feedback control will be described below with 
reference to Figs. 30(a) and 30(b). Figs. 30(a) and 30(b) are 
views showing operational waveforms in the PWM control mode of 
the step-down DC-DC converter. 




[0012] A period of time when the p-channel transistor PI is on 
is defined as ton, and a period of time when the n-channel 
transistor Nl is on is defined as toff. In this case, a ratio of 
the output voltage signal Vout and the input power supply voltage 
5 Vin is given by the following expression. 

Vout/Vin = ton/ (ton + toff) 
In the following, the ratio, ton/ (ton + toff) , will be referred 
to as a duty ratio. 

[0013] A case that the error amplifier output signal Verr 
10 drops from a state shown in Fig. 30(a) to a state shown in Fig. 
30(b) will be considered. In a case that the output voltage 
signal Vout increases when a current flowing in the load LOAD 
(hereinafter referred to as the "load current") changes, the 
feedback signal Vfb obtained by dividing the output voltage 
15 signal Vout by the resistance also increases. As a result, the 
error amplifier output signal Verr drops. Accordingly, the ON- 
period ton of the p-channel transistor PI decreases and the ON- 
period toff of the n-channel transistor Nl increases to lower a 
voltage of the output voltage signal Vout. The feedback control 
20 of the DC-DC converter is performed as described above, so that 
the output voltage signal Vout remains constant even when the 
load current changes. 

[0014] The PFM control mode will be described next. Fig. 31 
is a block circuit diagram of a step-down DC-DC converter with 

25 the PFM control mode. As shown in Fig. 31, the step-down DC-DC 
converter includes an error amplifier Ampl, a capacitor CI for 
phase compensation, a resistance Rl for phase compensation, a 
feedback resistance R2, a feedback resistance R3, an oscillator 
circuit OSC3, a comparator Cmpl for pulse width modulation, a 

30 one-shot circuit One-shot, a p-channel output transistor (MOSFET) 
PI, a diode Dl, a choke coil L, a driver circuit Drl, and a 
smoothing capacitor Cout. 

[0015] In the same manner as the circuit shown in Fig. 29, a 
resistance divides an output voltage signal Vout to obtain a 



feedback signal Vfb, and it is controlled so that the feedback 
signal Vfb is equal to an output voltage control signal Vcont 
supplied from outside. For example, when the feedback resistance 
Rl and the feedback resistance R2 for dividing the output voltage 
5 signal Vout have the same value, the output voltage signal Vout 
is twice as high as the output voltage control signal Vcont. 
[0016] The output voltage control signal Vcont is connected to 
the positive input terminal of the error amplifier Ampl. The 
feedback signal Vfb is connected to the negative input terminal 

10 of the error amplifier Ampl. The error . amplifier Ampl 

constitutes an integration circuit using the phase compensation 
resistance Rl and the phase compensation capacitor CI. The error 
amplifier output signal Verr from the error amplifier Ampl and 
the triangular wave signal Vosc3 from the oscillator circuit OSC3 

15 are inputted to the comparator Cmpl for pulse width modulation. 
The error amplifier output signal Verr is inputted also to the 
oscillator circuit 0SC3. 

[0017] The source of the p-channel transistor PI is connected 
to the input power supply voltage Vin and the drain of the p- 

2 0 channel transistor PI to the choke coil L. The driver circuit 
Drl drives the gate of the p-channel transistor PI. A pulse 
signal Vpls outputted from the one-shot circuit One-shot is used 
for the gate signal of the p-channel transistor PI. The one-shot 
circuit One-shot generates the pulse signal Vpls having a certain 

25 time width using a transitional point of the pulse-width- 
modulation signal Vcmp as a trigger. The feedback diode Dl is 
connected between the ground potential GND and the choke coil L. 
The choke coil L and the smoothing capacitor Cout convert the 
output voltage signal Vout to the DC voltage, and the output 

30 voltage signal Vout is supplied to the load LOAD. 

[0018] When the voltage of the output voltage control signal 
Vcont increases, the error amplifier output signal Verr increases, 
and an oscillation frequency of the triangular wave signal Vosc3 
outputted from the oscillator circuit 0.SC3 increases. As a 
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result, the switching frequency of the p-channel transistor PI 
increases, the current flowing to the smoothing capacitor Cout 
through the choke coil L increases, and the output voltage signal 
Vout increases* Thus, in the PFM control mode, the voltage of 
5 the output voltage signal Vout is controlled based on the voltage 
of the output voltage control signal Vcont through the feedback 
control . 

[0019] Figs. 32(a) to 32(d) are views showing waveforms in the 
PFM control mode of the DC-DC converter, 

10 [0020] Fig. 32(a) shows a waveform representing the error 
amplifier output signal Verr and the triangular wave signal Vosc3 
inputted to the comparator Cmpl for the pulse width modulation. 
The oscillator circuit 0SC3 outputs the triangular wave signal 
Vosc3 having a frequency corresponding to the error amplifier 

15 output signal Verr. 

[0021] Fig. 32(b) shows a waveform representing the pulse- 
width-modulation signal Vcmp. The comparator for the pulse width 
modulation Cmpl compares the error amplifier output signal Verr 
with the triangular wave signal Vosc3, and outputs the pulse- 

20 width-modulation signal Vcmp to the one-shot circuit One- 
shot. 

[0022] Fig. 32(c) shows a waveform representing the pulse 
signal Vpls outputted from the one-shot circuit One-shot. The 
pulse signal Vpls, triggered by the transitional point of the 

25 pulse-width-modulation signal Vcmp and having a certain time 
width tpluse, is outputted to the driver circuit Drl. Since the 
p-channel transistor PI is switched on by the driver circuit Drl 
during the "Low" period of the pulse signal Vpls, a current flows 
from the input power supply voltage Vin into the choke coil L via 

30 the p-channel transistor PI. 

[0023] Fig. 32(d) shows a waveform representing the current 
flowing through the choke coil L. The coil current IL increases 
from 0 at a slope of (Vin - Vout)/L relative to time after the p-- 
channel transistor PI . is switched on. After the p-channel 




transistor PI is switched off, a current flows from the choke 
coil L to the ground potential GND via the feedback diode Dl . The 
current decreases at a slope of Vout/L relative to time. 
[0024] The feedback resistance R2 and the feedback resistance 
5 R3 divide the output voltage signal Vout to generate the feedback 
signal Vfb. . The feedback signal Vfb is inputted together with 
the output voltage control signal Vcont to the error amplifier 
Ampl. As a result, the output voltage control signal Vcont is 
controlled to be equal to the feedback signal Vfb through the 

10 feedback control. 

[0025] In an actual case, the output voltage signal Vout is 
determined by a sum of the current flowing out from the smoothing 
capacitor Cout to the load LOAD and the current flowing into the 
smoothing capacitor Cout via the choke coil L. The feedback 

15 control is conducted so that these currents have the same value. 
In other words, the output voltage signal Vout increases when the 
load current decreases, and the feedback signal Vfb obtained by 
dividing the output voltage signal Vout by the resistance also 
increases. Therefore, when the error amplifier output signal 

20 Verr decrease, the oscillation frequency of the triangular wave 
signal Vosc3 decreases. As a result, the switching frequency of 
the p-channel transistor PI decreases, and the current flowing 
into the smoothing capacitor Cout via the choke coil L decreases. 
[0026] Thus, the DC-DC converter with the PFM control mode 

25 performs the feedback control to maintain the output voltage 
signal Vout at a certain value even when the load current changes. 
[0027] Recently, a demand for changing the output voltage at a 
high speed when the DC-DC converter is in use has been increased. 
The conventional DC-DC converter generates a certain output 

30 voltage based on a fixed reference voltage. In contrast, instead 
of the conventional fixed reference voltage, it has been desired 
to provide a circuit configuration that changes the output 
voltage of the DC-DC converter based on, for example, a variable 
reference voltage supplied from outside. 
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[0028] For example, in a power amplifier used for a portable 
telephone set with the W-CDMA system, it is necessary to reduce a 
power consumption of the power supply incorporated in the 
portable telephone set. To this end, when the portable telephone 
5 set is positioned near the base station transmitting and 
receiving the radio waves, the transmission power is suppressed. 
In other words, the power supply voltage supplied to the power 
amplifier is changed corresponding to the power necessary for 
transmission. 

10 [0029] In order to stably control the output voltage 
corresponding to a wide range of input voltages and load 
variations, Japanese Patent Publication (Kokai) No. 2001-258245 
has disclosed a DC-DC converter in which a primary side driver 
circuit is switched between the time ratio modulation mode and 

15 the frequency modulation mode to follow the wide input voltage 
variations and the wide load variations. 

[0030] In the integrated circuit shown in Fig. 29 formed of 
the error amplifier Ampl, the resistance Rl and the capacitor Cl, 
Japanese Patent Publication No. 2002-78326 has described that 
20 when the output voltage control signal Vcont changes stepwise, 
the change directly affects an output of the error amplifier Ampl, 
thereby causing an overshoot. 

[0031] As described above, in the DC-DC converter with the 
function of switching between the PWM control mode and the PFM 

25 control mode, it has been known to be possible to maintain the 
output voltage signal Vout at a certain value while exhibiting 
high conversion efficiency in a wide load range. However, in a 
case that the output voltage control signal Vcont inputted as a 
reference voltage changes rapidly under a light load, when the 

30 DC-DC converter is operated in the PFM mode, the output voltage 
signal Vout responses to the rapid change very slowly. 
[0032] The response characteristic of the output voltage 
signal Vout will be further described next. Figs. 33(a) to 33(e) 
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are views showing waveforms describing a change in the output 
voltage signal Vout under the PFM control mode. 

[0033] As shown in Fig. 33(a), the output voltage control 
signal Vcont increases at a time tl and decreases at a time t3. 
5 According to the change in the output voltage control signal 
Vcont described above, the output voltage signal Vout increases 
from a potential Voutl to a potential Vout2 for a period of time 
Trl, and decreases from the potential Vout2 to the potential 
Voutl for a period of time Tfl as shown in Fig. 33(b). 

10 [0034] A current of the output capacitance formed by the 
smoothing capacitor Cout is a sum of the load current and a 
current for changing the electric charge of the smoothing 
capacitor according to the change in the output voltage signal 
Vout. For the sake of the explanation, the load current is 

15 assumed to be constant as shown in Fig. 33(c) irrespective of the 
output voltage signal Vout. As shown in Fig. 33(d), the current 
flows in and out to change the electric charges in the smoothing 
capacitor Cout. 

[0035] In the PFM control mode, as shown in Fig. 33(e),. the 
20 change in the switching frequency controls the change in the 
current. Therefore, in the PFM control mode, it is difficult to 
follow the rapid change like the case in the PWM control mode. 
[0036] In the portable telephone set with the W-CDMA system, 
it is necessary to change the power supply voltage in several 
25 tens of microseconds. It is not possible to flow the current in 
the negative direction when the voltage decreases (during the 
period between the time t3 and the time T4) . The electric 
charges in the smoothing capacitor Cout can be discharged only by 
flowing the current to the load LOAD. When the load current is 
30 small, the period Tfl necessary for decreasing the output voltage 
signal Vout from the potential Vout2 to the potential Voutl takes 
too . long to meet the requirement of several tens of microseconds 
described above. 
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[0037] In view of the problems described above, an object of 
the invention is to provide a DC-DC converter in which high 
efficiency in a wide load range is maintained and the response of 
the output voltage signal is not deteriorated under the light 
5 load condition. 

[0038] It is also an object of the invention to provide a DC- 
DC converter in which overshooting of the output voltage signal 
does not occur even when the output voltage control signal 
changes stepwise. 

10 [0039] A further object of the invention is to provide a DC-DC 
converter in which undershooting and overshooting are suppressed 
during the switching between the PWM control mode and the PFM 
control mode to minimize absolute values of the overshooting and 
the undershooting, and it is possible to shorten periods of the 

15 overshooting and the undershooting. 

[0040] Further objects and advantages of the invention will be 
apparent from the following description of the invention. 

Summary of the Invention 

20 [0041] In order to attain the objects described above, 
according to the first aspect of the invention, a DC-DC converter 
switches a semiconductor switch device for converting a DC 
voltage to a certain level, and for supplying the converted DC 
voltage to a load. The DC-DC converter is configured to be able 

25 to switch between a first feedback control mode and a second 
feedback control mode. The DC-DC converter selects the second 
feedback control mode when a load current flowing through the 
load is below a predetermined value. The DC-DC converter selects 
the first feedback control mode when the level of the DC voltage 

30 supplied to the load changes irrespective of a value of the load 
current . 

[0042] In the DC-DC converter of the invention, the PWM 
control mode is performed when the output voltage changes 
irrespective of a state of the load. Therefore, it is possible 



to change a current for charging or discharging an output 
capacitance in a short period of time and to reduce a transient 
time of the output voltage. 

[0043] According to the second aspect of the invention, a DO 
5 DC converter switches a semiconductor switch device for 
converting a DC voltage to a certain value, and for supplying the 
converted DC voltage to a load. The DC-DC converter includes 
oscillating means for generating a triangular wave signal to 
define a switching frequency of the semiconductor switch device; 

10 amplifying means for amplifying a voltage difference between a 
voltage of an output voltage control . signal as a reference 
voltage and a detected voltage fed back corresponding to a level 
of the DC converted voltage supplied to the load; pulse-width- 
modulation control means for switching a feedback control mode 

15 between a PWM control mode and a PFM control mode to compare the 
triangular wave signal from the oscillating means and the voltage 
difference from the amplifying means, and for modulating a pulse 
width of a driving pulse switching the semiconductor switching 
device; and control mode selection means for selecting the PFM 

20 control mode when a load current flowing through the load is 
below a predetermined value and the PWM control mode when the 
converted DC voltage supplied to the load changes irrespective of 
a value of the load current, when the pulse-width-modulation 
control means switches the feedback control mode. 

25 [0044] According to the third aspect of the invention, in the 
DC-DC converter of the second aspect, the amplifying means 
includes a first analog amplifier circuit having a fixed 
operating point, and a second analog amplifier circuit connected 
to the first analog amplifier circuit in cascade and having a 

30 fixed operating point. Further, the first analog amplifier 
circuit is a differential amplifier circuit. 

[0045] In the DC-DC converter of the third aspect, the 
oscillating means generates a triangular wave signal having an 
oscillation frequency proportional to a value of a current 



flowing through a first resistance circuit connecting between a 
node set at a potential of the difference voltage amplified by 
the amplifying means and a node set at the first reference 
voltage when the control mode selection means selects the PFM 
5 control mode. The oscillating means generates a triangular wave 
signal having an oscillation frequency proportional to a value of 
a current flowing through a second resistance circuit connecting 
between a second reference voltage and a ground potential when 
the control mode selection means selects the PWM control mode. 

10 

Brief Description of the Drawings 

[0046] Fig. 1 is a block circuit diagram of a DC-DC converter 
according to the present invention; 

Fig. 2 is a circuit diagram of a multi-plexer circuit in the 
15 DC-DC converter shown in Fig. 1; 

Fig. 3 is a circuit diagram of an oscillator circuit in the 
DC-DC converter shown in Fig. 1; 

Fig. 4 is a chart showing a waveform of a triangular wave 
signal outputted from the oscillator circuit shown in Fig. 3; 
20 Fig. 5 is a block circuit diagram of a PWM/PFM selection 

circuit in the DC-DC converter shown in Fig. 1; 

Fig. 6 is a table showing a relationship between a PWM/PFM 
selection signal and load and voltage variations in the PWM/PFM 
selection circuit shown in Fig. 5; 
25 Fig. 7 is a circuit diagram of a load evaluation circuit in 

the PWM/PFM selection circuit shown in Fig. 5; 

Figs. 8(a) to 8(h) are charts showing waveforms representing 
an operation of each unit in the load evaluation circuit shown in 
Fig. 7; 

30 Fig. 9 is a block circuit diagram of an output-voltage- 

change detection circuit in the PWM/PFM selection circuit shown 
in Fig 5; 
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Figs. 10(a) to 10(g) are charts showing waveforms 
representing an operation of each unit in the output-voltage- 
change detection circuit shown in Fig. 9; 

Fig. 11 is a block circuit diagram of another output- 
5 voltage-change detection circuit; 

Figs. 12(a) to 12(g) are charts showing waveforms 
representing an operation of each unit in the output-voltage- 
change detection circuit shown in Fig. 11; 

Figs. 13(a) to 13(e) are charts showing waveforms 
10 representing an operation of each unit in the output-voltage- 
change detection circuit when a load current changes rapidly; 

Figs. 14(a) to 14(e) are charts showing waveforms 
representing changes in output voltage signals in the DC-DC 
converter shown in Fig. 1 controlled in an PWM control mode; 
15 Figs. 15(a) to 15(d) are charts showing waveforms 

representing changes in output voltages in the DC-DC converter 
shown in Fig. 1 under a light load condition; 

Figs. 16(a) to 16(d) are charts showing waveforms 
representing changes in output voltage signals in the DC-DC 
20 converter shown in Fig. 1 when the load current changes rapidly; 

Fig. 17 is a block circuit diagram of a DC-DC converter; 

Fig. 18 is a circuit diagram of a subtraction circuit in the 
DC-DC converter shown in Fig. 17; 

Fig. 19 is a block circuit diagram of an oscillator circuit 
25 in the DC-DC converter shown in Fig. 17; 

Fig. 20 is a chart showing a waveform of a triangular wave 
signal outputted from the oscillator circuit shown in Fig. 19; 

Fig. 21 is a graph showing a relationship between an output 
voltage signal and an error amplifier output signal when the DC- 
30 DC converter shown in Fig. 1 is controlled in the PWM control 
mode according to the triangular wave signal Voscl; 

Fig. 22 is a graph showing a relationship between an 
oscillation frequency and an error amplifier output signal when 



the DC-DC converter shown in Fig. 1 is controlled in the PFM 
control mode according to the triangular wave signal Voscl; 

Fig. 23 is a graph describing operating points of the DC-DC 
converter shown in Fig. 1 relative to the error amplifier output 
5 signal in the PFM control mode and the PWM control mode; 

Figs. 24(a) and 24(b) are charts explaining undershooting 
when the DC-DC converter shown in Fig. 1 is switched from the PFM 
control mode to the PWM control mode; 

Figs. 25(a) and 25(b) are charts explaining overshooting 
10 when the DC-DC converter shown in Fig. 1 is switched from the PWM 
control mode to the PFM control mode. 

Fig. 2 6 is a graph showing a relationship between an 
oscillation frequency and an error amplifier output signal when 
the DC-DC converter shown in Fig. 1 is controlled in the PFM 
15 control mode according to a triangular wave signal Vosc2; 

Fig. 27 is a graph describing operating points of the DC-DC 
converter shown in Fig. 17 relative to the error amplifier output 
signal in the PFM control mode and the PWM control mode; 

Fig. 28 is a graph describing operating points of the DC-DC 
20 converter shown in Fig. 17 relative to the error amplifier output 
signal in the PFM control mode and the PWM control mode; 

Fig. 29 is a block circuit diagram of a conventional step- 
down DC-DC converter with the PWM control mode; 

Figs. 30(a) and 30(b) are charts showing waveforms 
25 representing an operation of the PWM control mode in the 
conventional step-down DC-DC converter shown in Fig. 29; 

Fig. 31 is a block circuit diagram of a conventional step- 
down DC-DC converter with the PFM control mode; 

Figs. 32(a) to 32(d) are charts showing waveforms 
30 representing an operation of the PFM control mode in the 
conventional DC-DC converter; and 

Figs. 33(a) to 33(e) are charts showing waveforms 
representing changes in output voltage signals in the PFM control 
mode . 




Detailed Description of Preferred Embodiments 

[0047] Hereunder, embodiments . of the invention will be 
described in detail with reference to the accompanying drawings. 
5 Fig. 1 is a block circuit diagram of a DC-DC converter according 
to the first embodiment of the invention. The DC-DC converter 
converts an input power supply voltage Vin to a certain voltage 
level and supplies the converted voltage to a load LAOD. 
[0048] The DC-DC according includes an error amplifier 

10 (operational amplifier) Ampl, a capacitor CI for phase 
compensation, a resistance Rl for phase compensation, a feedback 
resistance R2, a feedback resistance R3, an oscillator circuit 
0SC1, a comparator Cmpl for pulse width modulation, a one-shot 
circuit One-shot, multi-plexer circuits Muxl "and Mux2, driver 

15 circuits Drl and Dr2, a p-channel transistor (MOSFET) Pi for 
outputting, an n-channel transistor (MOSFET) Nl for outputting, a 
choke coil L, a diode D2, a smoothing capacitor Cout, and a 
PWM/PFM selection circuit 10. 

[0049] The PWM/PFM selection circuit 10 receives the input 
20 power supply voltage Vin, a gate signal Gpl outputted from the 
driver circuit Drl, a voltage signal Lx, an error amplifier 
output signal Verr, a pulse-width-modulation signal Vcmp, an 
output voltage control signal Vcont, and an output voltage signal 
Vout. The PWM/PFM selection circuit 10 outputs a selection 
25 signal PWM/PFM for selecting the PWM control mode or the PFM 
control mode. 

[0050] The output voltage control signal Vcont is connected to 
the positive input terminal of the error amplifier Ampl. A 
feedback signal Vfb obtained by dividing the output voltage 
30 signal Vout by the resistance R2 and the resistance R3 is 
connected to the negative input terminal of the error amplifier 
Ampl. The error amplifier Ampl constitutes an integration 
circuit using the resistance Rl for phase compensation and the 
capacitor CI for phase compensation. An error amplifier output 
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signal Verr from the error amplifier Ampl is inputted to the 
negative input terminal of the comparator Cmpl and to the input 
terminal of the oscillator circuit 0SC1. A triangular wave 
signal Voscl is outputted from the oscillator circuit 0SC1 to the 
5 positive input terminal of the comparator Cmpl. 

[0051] The pulse-width-modulation signal Vcmp is fed from the 
comparator Cmpl to the one-shot circuit One-shot and the "1" 
input terminals of the multi-plexer circuits Muxl and Mux2 . The 
output from the one-shot circuit One-shot is connected to the "0" 

10 input terminal of the multi-plexer circuit Muxl, The "0" input 
terminal of the multi-plexer circuit Mux2 is grounded* The 
output terminal "OUT" of the multi-plexer circuit Muxl is 
connected to the gate of the p-channel transistor PI via the 
driver circuit Drl. The output terminal "OUT" of the multi- 

15 plexer circuit Mux2 is connected to the gate of the n-channel 
transistor Nl via the driver circuit Dr2 . The selection signal 
. PWM/PFM from the PWM/PFM selection circuit 10 is fed to the 
control input terminals "s" of the multi-plexer circuits Muxl and 
Mux2 . 

20 [0052] The source of the p-channel transistor Pi is connected 
to the input power supply voltage Vin, and the drain of the p- 
channel transistor PI is connected to the choke coil L. The gate 
of the p-channel transistor PI is driven by the driver circuit 
Drl. The n-channel transistor Nl is connected to the ground 

25 potential GND and the choke coil L. The gate of the n-channel 
transistor Nl is driven by the driver circuit Dr2 . The output 
voltage signal Vout converted to a DC voltage by the choke coil L 
and the smoothing capacitor Cout is fed to the load LOAD. The 
feedback signal Vfb is formed by dividing the output voltage 

30 signal Vout with the resistance R2 and the resistance R3. 

[0053] The error amplifier output signal Verr from the error 
amplifier Ampl and the selection signal PWM/PFM from the PWM/PFM 
selection circuit 10 are inputted to the oscillator circuit OSC1. 
The oscillator circuit 0SC1 changes the oscillation mode thereof 
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corresponding to the "High" and the "Low" of the selection signal 
PWM/PFM. The signal inputted to the driver circuit Drl is 
changed over to the pulse-width-modulation signal Vcmp or to the 
output of the one-shot circuit One-shot corresponding to the 
5 "High" or the "Low" of the selection signal PWM/PFM. The signal 
inputted to the driver circuit Dr2 is changed over to the pulse- 
width-modulation signal Vcmp or to the ground potential GND 
corresponding to the "High" or the "Low" of the selection signal 
PWM/PFM. 

10 [0054] The DC-DC converter according to the first embodiment 
of the invention is configured such that the PWM control mode, 
that is the first feedback control mode, or the PFM control mode, 
that is the second feedback control mode, is selected. The DC-DC 
converter selects the PFM control mode in the range, in which the 

15 load current to the load LOAD is lower than a predetermined value, 
and the PWM control mode irrespective of the magnitude of the 
load current while the voltage level fed to the load LOAD is 
changing. Since the operations of the circuit for the PWM 
control mode and the operations of the circuit for the PFM 

20 control mode are different from each other, it is necessary for 
the DC-DC converter to be provided with a selection signal 
PWM/PFM. Therefore, the DC-DC converter changes the operation 
modes of the oscillator circuit 0SC1 and the inputs to the multi- 
plexer circuits Muxl and Mux2 according to the selection signal 

25 PWM/PFM generated at the PWM/PFM selection circuit 10. 

[0055] The selection signal PWM/PFM is set to be "High" for 
the PWM control mode. In Fig. 1, the multi-plexer circuits Muxl 
and Mux2 have the same circuit configuration. 

[0056] Fig. 2 is a circuit diagram of a multi-plexer circuit 
30 in the DC-DC converter according to the first embodiment of the 
invention. As shown in Fig. 2, a first input signal "1" is 
inputted to an input terminal 21, and a second input signal "0" 
to an input terminal 22. In Fig. 2, p-channel transistors 

(MOSFET's) P10 and Pll and n-channel transistors (MOSFET's) N10 



17 



and Nil are shown. The p-channel transistors P10, Pll and n- 
channel transistors N10, Nil constitute two sets of analog 
switches. An input terminal 23 is connected to the gates of the 
n-channel transistor N10 and the p-channel transistor Pll. A 
5 setting signal "s" is fed to the gates of the n-channel 
transistor N10 and the p-channel transistor Pll. The input 
terminal 23 is connected also to the gates of the n-channel 
transistor Nil and the p-channel transistor P10 via an inverter 
circuit invl . 

10 [0057] In the multi-plexer circuit shown in Fig. 2, the n- 
channel transistor N10 and the p-channel transistor P10 are 
connected when the setting signal "s" fed to the input terminal 
23 is "High". The first input signal "1" fed to the input 
terminal 21 is outputted from the multi-plexer circuit as an 

15 output signal "out". During this period, the second input signal 
"0" to the input terminal 22 is interrupted due to the OFF of the 
n-channel transistor Nil and the p-channel transistor Pll. When 
the setting signal "s" is "Low", the second input signal "0" to 
the input terminal 22 is outputted as an output signal "out". 

20 [0058] Fig. 3 is a circuit diagram of the oscillator circuit 
in the DC-DC converter according to the first embodiment of the 
invention. The oscillator circuit 0SC1 includes an operational 
amplifier Amp2, a multi-plexer circuit Mux3, comparators Cmp2 and 
Cmp3, p-channel transistors (MOSFET's) P3 through P7, n-channel 

25 transistors (MOSFET's) N4 through N7, a resistance R4, NOR gates 
NOR1 and NOR2, and a capacitor C3. 

[0059] In Fig. 3, an internal reference voltage Vrosc or the 
error amplifier output signal Verr from the input terminal "in" 
of the multi-plexer circuit Mux3 is applied to the negative input 
30 terminal of the operational amplifier Amp2 corresponding to the 
input voltage signal sent to the select terminal S. The multi- 
plexer circuit Mux3 has functions same as those of the multi- 
plexer circuits Muxl and Mux2 shown in Fig. 2. The multi-plexer 
circuit Mux3 outputs the internal reference voltage Vrosc when 
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the selection signal PWM/PFM fed from the select terminal S is 
indicating the PWM mode, and outputs the error amplifier output 
signal Verr when the selection signal PWM/PFM is - indicating the 
PFM mode. 

5 [0060] With the configuration of the operational amplifier 
Amp2, the p-channel transistor P3, and the resistance R4, the 
current 13 flowing through the resistance R4 becomes Vrosc/R4 in 
the PWM mode, and becomes Verr/R4 in the PFM mode. The inputs to 
the gates of the p-channel transistors P4 and P3 are common, and 

10 the voltages between the gates and the sources thereof are the 
same. Therefore, the drain current 14 of the p-channel 
transistor P4 is equal to a product of the current 13 flowing 
through the resistance R4 and ratios of a gate width and a gate 
length of the p-channel transistor P4 and the p-channel 

15 transistor P3 . This relation holds in the similar manner for the 
currents 15, 16 and 17 flowing through the other transistors. 
[0061] The gates of the p-channel transistor P7 and the n- 
channel transistor N7 are connected to the NOR gate" N0R2 
constituting an RS flip-flop, and an output signal Vc is fed from 

20 the NOR gate N0R2 to the gates of the p-channel transistor P7 and 
the n-channel transistor N7 . Since the n-channel transistor N7 
is ON and the p-channel transistor P7 is OFF when the output 
signal Vc from the RS flip-flop is "High", the current 17 is 
discharged from the capacitor C3 via the n-channel transistors N7 

25 and N6. Since the n-channel transistor N7 is OFF and the p- 
channel transistor P7 is ON when the output signal Vc from the RS 
flip-flop is "Low", the current 16 is charged to the capacitor C3 
via the p-channel transistors P6 and P7 . 

[0062] The potential of the triangular wave signal Voscl 
30 outputted as a charging-up voltage of the capacitor C3 is 
monitored by the comparators Cmp2 and Cmp3, to which internal 
reference voltages Vhosc and Vlosc having a relation of Vhosc > 
Vlosc are inputted respectively. The potential of the triangular 
wave signal Voscl rises when the output signal Vc from the RS 
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flip-flop is "Low". Since the output of the comparator Cmp2 
becomes "High" as soon as the rising potential of the triangular 
wave signal Voscl exceeds the internal reference voltage Vhosc, 
the output signal Vc of the RS flip-flop changes to "High". As 
5 soon as the potential of the triangular wave signal Voscl falls 
below the internal reference voltage Vlosc afterward, the output 
of the comparator Cmp3 becomes "High" and the output signal Vc 
from the RS flip-flop returns to "Low". 

[0063] Fig. 4 is a chart showing a waveform of a triangular 

10 wave signal outputted from the oscillator circuit shown in Fig. 3. 
The period Tr, for which the potential of the triangular wave 
signal Voscl rises, is expressed by the following equation where 
the triangular wave signal Voscl has the lower limit Vlosc and 
the upper limit Vhosc. 

15 Tr = C3x (Vhosc - Vlosc) /I6 

Similarly, the period Tf, for which the potential of the 
triangular wave signal Voscl falls, is expressed by the following 
relational expression. 

Tf = C3x (Vhosc - Vlosc) /II 

20 [0064] The currents 16 and 17 are proportional to the current 
13. Therefore, the oscillation frequency fosc of the triangular 
wave signal Voscl can be adjusted by changing the resistance R4, 
the internal reference voltage Vrosc or the voltage of the error 
amplifier output signal Verr applied to the input terminal "in" 

25 of the multi-plexer circuit Mux3. 

[0065] Fig. 5 is a block circuit diagram of a PWM/PFM 
selection circuit in the DC-DC converter shown in Fig. 1 
according to the first embodiment of the invention. The PWM/PFM 
selection circuit 10 selects the PWM control mode or the PFM 

30 control mode for the control method of the DC-DC converter. For 
the selection, it is necessary to determine the magnitude of the 
load LOAD connected to the DC-DC converter and whether it is 
required to change the output voltage signal Vout. The PWM/PFM 
selection circuit 10 includes a load evaluation circuit 51, an 



output-voltage-change detection circuit 52, NOR gates N0R3 and 
N0R4, and an OR gate 0R1 . 

[0066] The load evaluation circuit 51 receives the input power 
supply voltage Vin, a gate signal Gpl outputted from the driver 
5 circuit Drl, a voltage signal Lx, the error amplifier output 
voltage Verr and the pulse-width-modulation signal Vcmp. The 
load evaluation circuit 51 outputs two pulse signals out_ov and 
out_ud based on threshold values Uth and Lth. The threshold 
value Uth is a reference for evaluating the magnitude of the load 

10 upon switching from the PFM control mode to the PWM control mode. 
The threshold value Lth is a reference for evaluating the 
magnitude of the load upon switching from the PWM control mode to 
the PFM control mode. To secure stable operations of the load 
evaluation circuit 51, the threshold values Uth and Lth are in a 

15 hysteretic relation such as Uth > Lth. As soon as the load LOAD 
exceeds the threshold value Uth, the pulse signal out_ov becomes 
"High", and an RS flip-flop including the NOR gates MOR3 and NOR4 
maintains a load evaluation signal reql at "High". As soon as 
the load LOAD becomes below the threshold value Lth, the pulse 

20 signal out_ud becomes "High", and the load evaluation signal reql 
is maintained at "Low." 

[0067] The output voltage control signal Vcont and the output 
voltage signal Vout are fed to the output-voltage-change 
detection circuit 52. The output-voltage-change detection 

25 circuit 52 holds a detection signal req2 at "High" from the time, 
at which the output voltage control signal Vcont starts changing, 
until the time, at which the output voltage control signal Vcont 
stops changing. The load evaluation signal reql and the 
detection signal req2 are inputted to the OR gate OR1, which 

30 generates a logical OR signal. The logical OR signal is 
outputted as a selection signal PWM/ PFM. When the PWM control 
mode is required due to a change in the load conditions or the 
output voltage, the selection signal PWM/PFM becomes "High". 
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[0068] Fig. 6 is a table showing a relationship between a 
PWM/PFM selection signal and load and voltage variations in the 
PWM/PFM selection circuit 10. Only when the PWM/PFM selection 
circuit 10 determines that the load LOAD is light and there is no 
5 change in the output voltage signal Vout, the PWM/PFM selection 
circuit 10 sets the selection signal PWM/PFM at "Low" and selects 
the PFM control mode for the control mode of the DC-DC converter. 
[0069] Fig. 7 is a circuit diagram of a load evaluation 
circuit 51 in the PWM/PFM selection circuit, shown in Fig. 5. The 

10 load evaluation circuit 51 evaluates the magnitude of the load 
LOAD by a current Ip flowing through the p-channel transistor PI 
for outputting. To measure the current Ip, a p-channel 
transistor Ps for sensing is disposed. The input to the gate of 
the p-channel transistor Ps is common with the input to the gate 

15 of the p-channel transistor PI. The drain of the p-channel 
transistor Ps is common with the drain of the p-channel 
transistor PI. The source of the p-channel transistor Ps is 
connected to the input power supply voltage Vin via a resistance 
Rs for current sensing. 

20 [0070] When the current Ip flows through the p-channel 
transistor PI, a current Is flows through the p-channel 
transistor Ps . By setting a voltage drop at the sensing 
resistance Rs to be much smaller than a voltage between the gate 
and the source of the p-channel transistor Ps, the current Is is 

25 proportional to the current Ip. The source voltage Vs changed by 
the current Is is fed to the negative input terminal of a 
comparator Cmp5. An internal power supply Esl is inserted 
between the input power supply voltage Vin and the positive input 
terminal of the comparator Cmp5. As a result, the source voltage 

30 Vs is compared with an internal reference voltage (Vin - Vosl) . 
Hereinafter, the output voltage of the comparator Cmp5 is 
referred to as Icmp. 

[0071] The output voltage Icmp is inputted to the reset 
terminal R of a D flip-flop DFF1 . The D flip-flop DFF1 is 



constructed such that the D flip-flop DFF1 takes "High" at a jump 
of the pulse-width-modulation signal Vcmp sent from the 
comparator Cmpl for pulse width modulation. The output Ql of the 
D flip-flop DFF1 is taken, at the jump of the pulse-width- 
5 modulation signal Vcmp, into a D flip-flop DFF2 positioned in the 
back stage of the D flip-flop DFF1 . An AND gate ANDl generates a 
logical AND signal of the output Q2 from the D flip-flop DFF2 and 
an inversion of the signal obtained by delaying the output Q2 
through a delay circuit dlyl . The AND gate ANDl outputs the 

10 logical AND signal as the pulse signal out_ud. 

[0072] A comparator Cmp4 compares the error amplifier output 
signal Verr with the internal reference voltage Vros. . A delay 
circuit dly2 and an AND gate AND2 are connected to the comparator 
Cmp4 . The AND gate AND2 generates a logical AND signal of the 

15 output of the comparator Cmp4 and the signal obtained by delaying 
the output of the comparator Cmp4 through the delay circuit dly2. 
The AND gate AND2 outputs the logical AND signal as the pulse 
signal out__ov. 

[0073] An operation of the load evaluation circuit 51 will be 
20 described next. Figs. 8(a) to 8(h) are charts showing waveforms 
representing an operation of each unit in the load evaluation 
circuit 51 shown in Fig. 7. The waveforms in Figs. 8 (a) -8(g) 
describe the operations of the load evaluation circuit 51 in 
shifting from the PWM control mode to the PFM control mode due to 
25 the decreasing load current. 

[0074] Fig. 8(a) shows a waveform of a change in the error 
amplifier output signal Verr and the triangular wave signal Voscl . 
The n-channel transistor Nl in the output stage is ON when Voscl 
> Verr, and the p-channel transistor PI is ON when Voscl < Verr. 
30 [0075] Fig. 8(b) shows a waveform of a change in the coil 
current IL flowing through the choke coil L. The coil current IL 
increases while the p-channel transistor PI is ON and decreases 
while the n-channel transistor Nl is ON. The waveform on the 
left hand side is obtained when the load current is high and the 
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waveform on the right hand side is obtained when the load current 
is low. In both occasions, the load current is decreasing with 
elapse of time. 

[0076] Fig. 8(c) shows a waveform of a change in the source 
5 voltage Vs at the connection point of the source of the p-channel 
transistor Ps and the resistance Rs for current sensing. The 
source voltage Vs is proportional to the current Ip flowing 
through the p-channel transistor PI. Since any current is not 
generated in the current sensing resistance Rs while the n~ 

10 channel transistor Nl is ON, the source voltage Vs is kept at the 
input power supply voltage Vin. As the current Ip increases 
after the p-channel transistor PI is switched on, the source 
current Is also increases and the source voltage Vs falls. 
[0077] Fig. 8(d) shows a waveform of a change in the output 

15 voltage Icmp of the comparator Cmp5. As the waveforms in Fig. 
8(b) through 8(d) show, the source voltage Vs falls from Al to Bl 
during the period Tl, for which the coil current IL flowing 
through the choke coil L increases from 111 to Ihl. The source 
voltage Vs falls from A2 to B2 during the period T2, for which 

20 the coil current IL flowing through the choke coil L increases 
from 112 to Ih2. 

[0078] The source voltage Vs is compared with the internal 
reference voltage (Vin - Vosl) . When the source voltage Vs is 
lower than the internal reference voltage, the output voltage 

25 Icmp becomes "High". In other words, the output voltage Icmp 
becomes "High" as soon as the source voltage Vs exceeds the 
internal reference voltage Vosl during the period Tl, for which 
the source voltage Vs falls from Al to Bl. Since the source 
voltage Vs does not exceed the internal reference voltage Vosl 

30 during the period T2, for which the source voltage Vs falls from 
A2 to B2, the output voltage Icmp remains "Low". 

[0079] Figs. 8(e), 8(f), 8(g), and 8(h) show waveforms of the 
pulse-width-modulation signal Vcmp, the output Ql of the D flip- 
flop DFF1, the output Q2 of the D flip-flop DFF2, and the pulse 
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signal out_ud, respectively. The D flip-flop DFF1 takes "High" 
at a drop of each pulse of the pulse-width-modulation signal Vcmp. 
Since the D flip-flop DFF1 is reset by the high level of the 
output voltage Icmp, the D flip-flop DFF1 keeps the output Ql 
5 thereof at "High" when the output voltage Icmp is not "High" any 
more. The D flip-flop DFF2 takes the output Ql of the D flip- 
flop DFF1 at a jump of the pulse-width-modulation signal Vcmp and 
outputs the output Ql as the output Q2 . The pulse signal out_ud 
is outputted at the jump of the output Q2 . 
10 [0080] While the load current is decreasing with elapse of 
time, the pulse signal out_ud is outputted when the peak value of 
the current Ip flowing through the p-channel transistor PI is 
lower than the predetermined level Lth. 

[0081] When the load current increases, the pulse signal 

15 out_ov switches from the PFM control mode to the PWM control mode. 
As the load LOAD becomes heavier under the PFM control mode, a 
feedback control is operated so that the error amplifier output 
signal Verr increases to increase the switching frequency. As the 
load evaluation circuit 51 in Fig. 7 indicates, the output of the 

20 comparator Cmp4 changes to "High" when the voltage of the error 
amplifier output signal Verr becomes high enough to exceed the 
internal reference voltage Vrov. When the output of the 
comparator Cmp4 is changed to "High", the pulse signal out_ov is 
outputted by the delay circuit dly2 and the AND gate AND2 

25 receiving the output of the comparator Cmp4 . 

[0082] In the case in which the load current is increasing 
with elapse of time, the pulse signal out_ov is outputted when 
the peak value of the current Ip flowing through the p-channel 
transistor Pi exceeds the predetermined level Uth. The threshold 

30 values Uth and Lth for outputting the pulse signals are set to be 
Uth > Lth such that the selection signal PWM/PFM exhibits certain 
hysteresis characteristics. 

[0083] Fig. 9 is a block circuit diagram of an output-voltage- 
change detection circuit in the PWM/PFM selection circuit shown 



in Fig 5. The output-voltage-change detection circuit 52 
includes differentiation circuits 91 and 93, squaring circuits 92 
and 94, and a D flip-flop DFF3 having a set terminal. 
[0084] The output voltage control signal Vcont is fed to the 
5 differentiation circuit 91. The differential output SI from the 
differentiation circuit 91 is converted to an absolute signal S2 
by the squaring circuit 92. The output voltage signal Vout is 
fed to the differentiation circuit 93. The differential output 
S3 from the differentiation circuit 93 is converted to an 

10 absolute signal S4 by the squaring circuit 94. The squaring 
circuits 92 and 94 are connected, respectively, to the set 
terminal s and the clock terminal of the D flip-flop DFF3. A 
detection signal req2 is outputted as the Q signal of the D flip- 
flop DFF3 corresponding to a change in the output voltage and 

15 based on the absolute signals S2 and S4. 

[0085] Figs. 10 (a) -10(g) are charts showing waveforms 
representing an operation of each unit in the output-voltage- 
change detection circuit shown. By obtaining the absolute value 
of the differential output SI of the output voltage control 

20 signal Vcont, the absolute value signal S2 having the waveform 
shown in Fig. 10(d), which becomes high when the output voltage 
control signal Vcont changes, is obtained. In the same way as 
described above, the absolute value signal S4 having the waveform 
. : shown in Fig. 10(f), which becomes high while the output voltage 

25 signal Vout changes, is obtained. The D flip-flop DFF3 maintains 
the detection signal req2 at "High" immediately after the output 
voltage control signal Vcont is changed until when the changing 
output voltage signal Vout becomes stable. 

[0086] Fig. 11 is a block circuit diagram of another output- 
30 voltage-change detection circuit. In Fig. 11, the output- 
voltage-change detection circuit 52 includes voltage supplies Es2 
and Es3, comparators Cmp6 and Cmp7, and an OR gate OR2 / The 
error amplifier Ampl, the phase compensation resistance Rl, and 
the phase compensation capacitor CI are included in the 




amplifying means constituting the DC-DC converter in Fig. 1. The 
amplifying means amplifies the voltage difference between the 
output voltage control signal Vcont used for a reference voltage 
and the feedback signal that changes corresponding to the level 
5 of the voltage fed to the load LOAD. 

[0087] The voltage VR1 between terminals of the phase 
compensation resistance Rl is added to an offset voltage -Vof, 
and is supplied to the positive input terminal of the comparator 
Cmp6 via the voltage supply Es2. The voltage VR1 is supplied, as 

10 it is, to the negative input terminal of the comparator Cmp7. 
The feedback signal Vfb is added to the offset voltage -Vof, and 
is supplied to the plus input terminal of the comparator Cmp7 via 
the voltage supply Es3. The feedback signal Vfb is supplied, as 
it is, to the negative input terminal of the comparator Cmp6. 

15 [0088] Output signals Vcmp6 and Vcmp7 from the comparators 
Cmp6 and Cmp7 are inputted to the OR gate 0R2 to generate the 
detection signal req2 as the output of the output-voltage-change 
detection circuit 52. 

[0089] An operation of the output-voltage-change detection 
20 circuit 52 will be described next. Figs. 12 (a) -12(g) are charts 
showing waveforms representing an operation of each unit in the 
output-voltage-change detection circuit shown in Fig. 11. As 
shown in Fig. 12(a), when the output voltage control signal Vcont 
rises at the time tl, the output voltage signal Vout increases as 
25 shown in Fig. 12(b). Since the error amplifier output signal 
Verr increases due to the error amplifier Ampl, a current flows 
in the phase compensation capacitor CI as shown in Fig. 12(c). 
With the current, the voltage drop VR1 is generated in the phase 
compensation resistance Rl . 
30 [0090] When the output voltage signal Vout becomes stable at 
the time t2, the error amplifier output signal Verr becomes 
stable, and the current stops flowing to the phase compensation 
capacitor CI. As a result, the voltage drop VRl in the phase 
compensation resistance Rl becomes zero, as shown in Fig. 12(d). 




The comparator Cmp6 generates the output signal Vcmp6 only when 
the voltage drop VR1 is higher than the offset voltage Vof as 
shown in Fig. 12 (e) . 

[0091] When the output voltage control signal Vcont drops at 
5 the time t3, the output voltage signal Vout decreases as shown in 
Fig. 12(b). Since the error amplifier output signal Verr 
decreases due to the error amplifier Ampl, a current flows to the 
phase compensation capacitor Cl in the opposite direction as 
shown in Fig. 12(d). With the current, the voltage drop VR1 is 

10 generated in the phase compensation resistance Rl . 

[0092] When the output voltage signal Vout becomes stable at 
the time t4, the error amplifier output signal Verr keeps a 
certain value, and the current stops flowing to the phase 
compensation capacitor Cl . As a result, the voltage drop VR1 in 

15 the phase compensation resistance Rl becomes zero as shown in Fig. 
12(d). The comparator Cmp 7 generates a rectangular voltage wave 
in the output signal Vcmp7 while the voltage drop -VR1 is higher 
than the offset voltage Vof as shown in Fig, 12(f). 
[0093] As shown in Fig. 12(g), when the output voltage signal 

20 Vout changes, the detection signal req2 outputted from the OR 
gate 0R2 becomes "High" as a detection signal of the output 
voltage changes based on the output signals Vcmp6 and Vcmp7 
outputted from the comparators Cmp6 and Cmp 7 . 

[0094] As described above, in the output-voltage-change 
25 detection circuit 52 shown in Fig. 11, it is possible to detect 
the change in the voltage fed to the load LOAD based on the 
balance between the error amplifier output signal Verr outputted 
from the error amplifier Ampl as an amplifying means and the 
feedback signal Vfb fed back to the error amplifier Ampl. In 
30 other words, it is determined that the output voltage signal Vout 
is constant and the error amplifier output signal Verr and the 
feedback signal Vfb are balanced when no current flows through 
the phase compensation resistance Rl disposed between the input 
and output terminals of the error amplifier Ampl that regulates 
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the output voltage. In contrast, it is determined that the 
output voltage signal Vout changes without the balance when the 
current is flowing through the phase compensation resistance Rl . 
[0095] Figs. 13 (a) -13(e) are charts showing waveforms 
5 representing an operation of each unit in the output-voltage- 
change detection circuit when the load current changes rapidly. 
In this case, the output voltage control signal Vcont is constant, 
and the load current lout drops rapidly at the time tl and, then, 
jumps rapidly at the time t3. The detection signal req2 

10 outputted from the OR gate OR2 becomes "High" when the change in 
the load current exceeds a certain level corresponding to the 
offset voltage Vof. Thus, the feedback control mode of the DC-DC 
converter is changed from the PFM mode to the PWM mode. 
[0096] An operation of the DC-DC converter shown in Fig 1 will 

15 be described next. When the selection signal PWM/PFM is "High", 
the oscillator circuit 0SC1 outputs the triangular wave signal 
Voscl having a certain frequency. The multi-plexer circuits Muxl 
and Mux2 feed the output of the pulse-width-modulation comparator 
Cmpl to the driver circuits Drl and Dr2, respectively. Therefore, 

2 0 the DC-DC converter performs a control mode same as the PWM mode 
when the selection signal PWM/PFM is "High". 

[0097] When the selection signal PWM/PFM is "Low", the 
oscillator circuit 0SC1 outputs the triangular wave signal Voscl 
having an oscillation frequency corresponding to the error 

25 amplifier output signal Verr. The output of the one-shot circuit 
One-shot, to which the output of the pulse-width-modulation 
comparator Cmpl is inputted for the trigger, is used for the gate 
signal of the p-channel transistor PI. The gate signal of the n^ 
channel transistor Nl is fixed at the ground potential. The n- 

30 channel transistor Nl is always in the OFF-state. The substrate 
diode D2 of the n-channel transistor Nl is provided as a current 
path between the ground potential GND and the choke coil L. In 
this case, the configuration of the DC-DC converter is the same 
as that of the conventional DC-DC converter conducting the 



conventional PFM control mode. Therefore, the DC-DC converter 
according to the first embodiment of the invention conducts the 
PFM control mode same as that of the conventional DC-DC converter 
[0098] When there is no change in the output voltage signal 
Vout and the detection signal req2 is "Low", the selection signal 
PWM/PFM is "High" in the heavy load condition (reql - "High"), 
and the DC-DC converter conducts the PWM control mode. In the 
light load condition (reql = "Low"), the DC-DC converter shifts 
to the PFM control mode. Therefore, the switching loss of the 
DC-DC converter is reduced and a high efficiency is obtained in a 
wide load range. 

[0099] When the output voltage signal Vout changes and the 
determination signal req2 is "High", in the heavy load condition 

(reql = "High"), the DC-DC converter continues the PWM control 
mode irrespective of the change in the output voltage signal Vout 
Therefore, it is possible to perform the control mode while 
following the change in the output voltage signal Vout in a short 
period of time. 

[00100] Figs. 14(a)-14(e) are charts showing waveforms 
representing changes in the output voltage signals in the FWM 
control mode. In this case, the output voltage control signal 
Vcont jumps at the time tl and drops at the time t3. In 
accordance with the change in the output voltage control signal 
Vcont, the output voltage signal Vout increases from the 
potential Voutl to the potential Vout2 for a period of time Tr2, 
and decreases from the potential Vout2 to the * potential Voutl for 
a period of time Tf2. The current in the smoothing capacitor 
Cout is a sum of a current for changing the charge in the 
smoothing capacitor Cout due to the change in the output voltage 
signal Vout and the load current. For the sake of the 
explanation, it is assumed that the load current is constant 
irrespective of the value of the output voltage signal Vout. A 
charging current and a discharging current flow to increase and 
decrease the charge in the smoothing capacitor Cout. 
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[00101] The charging current value Icrgl is expressed by the 
following expression. 

Icrgl = Cout x (Vout2 - Voutl)/Tr2 
The discharging current value Idisl is expressed by the following 
5 expression. 

Idisl = Cout x (Vout2 - Voutl)/Tf2 
From the expressions, it is necessary to change the current value 
fast and greatly to reduce a period of time for the output 
voltage signal Vout to change. 

10 [00102] When the smoothing capacitor Cout is charged and 
discharged via the transistors (MOSFET's) Nl and PI in the output 
stage and the choke coil L, a current waveform becomes a 
switching current waveform mainly including a sum of the load 
current and the charging and discharging current necessary to 

15 change the potential of the output voltage signal Vout. In the 
PWM control mode, it is possible to change the current value in a 
relatively short period of time, since the PWM control mode 
changes the duty ratio per each switching timing. By increasing 
the switching frequency, it is possible to change the current 

20 value in a short period of time. By flowing a negative current 
from the smoothing capacitor Cout to the ground potential GND via 
the n-channel transistor Nl, it is possible to drop the output 
voltage rapidly. 

[00103] An operation of the DC-DC converter in a case that the 
25 detection signal req2 is "High" due to the change in the output 
voltage signal Vout and the load is light (reql = "Low") will be 
described next. Figs. 15 (a) -15(d) are charts showing waveforms 
representing changes in the output voltages in the DC-DC 
converter shown in Fig. 1 in the light load condition. When the 
30 output voltage signal does not change at the time tO, the 
detection signal req2 and the selection signal PWM/PFM are "Low", 
and the DC-DC converter is conducting the PFM control mode. 
Therefore, the coil current IL flowing through the choke coil L 
is discontinuous. 



[00104] The detection signal req2 and the selection signal 
PWM/PFM become "High" at the time tl at which the output voltage 
control signal Vcont jumps, and the DC-DC converter shits to the 
PWM control mode. Since the coil current IL flows continuously 
5 and the mean value of the current flowing into the smoothing 
capacitor Cout becomes very high, it is possible to increase the 
output voltage signal Vout in a short period of time. After the 
time t2 at which the output voltage signal Vout stops changing, 
the DC-DC converter returns to the PFM control mode and continues 

10 the operation with low power consumption. 

[00105] When the DC-DC converter shifts to the PWM control mode 
at the time t3 at which the output voltage control signal Vcont 
decreases, the coil current IL flows continuously and a part of, 
or all of the coil current IL is negative. When the coil current 

15 IL is negative, the charges in the smoothing capacitor Cout are 
discharged via the choke coil L. 

[00106] It is not possible to flow a negative current in the 
PFM control mode. Thus, it is difficult to decrease the output 
voltage signal Vout within a period of time shorter than the time 

20 constant of the smoothing capacitor and the load current. However, 
according to the first embodiment of the invention, the DC-DC 
converter can decrease the output voltage signal Vout within a 
short period in the PWM control mode. The DC-DC converter 
resumes the PFM control mode after the time t4 at which the 

25 output voltage signal Vout stops changing, and continues the 
operation with low power consumption. 

[00107] Figs. 16 (a) -16(d) are charts showing waveforms 
representing changes in output voltage signals in the DC-DC 
converter shown in Fig. 1 having the output-voltage-change 
30 detection circuit shown in Fig. 11 when the load current changes 
rapidly. Since the load current lout is low at the time tO, the 
detection signal req2 and the selection signal PWM/PFM are "Low", 
and the DC-DC converter is conducting the PFM control mode. 




Therefore, the coil current IL flowing through the choke coil L 
is discontinuous, 

[00108] The output voltage signal Vout jumps at the time tl at 
which the load current lout decreases sharply. At this instance, 
5 the detection signal req2 and the selection signal PWM/PFM become 
"High" to switch the DC-DC converter to the PWM control mode, and 
the coil current IL starts flowing continuously. Therefore, the 
output voltage signal Vout is converged in a shorter period as 
opposed to the PFM control mode. The DC-DC converter returns to 
10 the PFM control mode at the time t2 at which the output voltage 
signal Vout stops changing, and continues the operation with low 
power consumption. 

[00109] The output voltage signal Vout decreases at the time t3 
at which the load current lout starts decreasing sharply. At 

15 this time, by shifting to the PWM control mode, the coil current 
IL flows continuously. Thus, in the DC-DC converter according to 
the first embodiment, it is possible to converge the output 
voltage signal Vout in a short period of time even when the load 
current lout changes and the output voltage control signal Vcont 

20 does not change. The DC-DC converter returns to the PFM control 
mode at the time t4 at which the output voltage signal Vout stops 
changing, and continues the operation with low power consumption. 
[00110] As described above, in the DC-DC converter according to 
the first embodiment of the invention, it is possible to change 

25 the charging current and the discharging current of the output 
capacitance in a short period of time and shorten the transient 
period of the output voltage through the PWM control mode 
irrespective of the load conditions when the output voltage 
changes. Therefore, it is possible to maintain high conversion 

30 efficiency in a wide load range and prevent the response 
characteristics of the output voltage signal from lowering under 
the light load condition. 

[00111] As described above, in the DC-DC converter according to 
the first embodiment of the invention, it is possible to maintain 
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high conversion efficiency in a wide load range and prevent the 
response characteristics of the output voltage signal from 
lowering under the light load condition. However, when the 
output voltage control signal Vcont changes stepwise, the 
5 operating point of the error amplifier Ampl also changes stepwise. 
Since the reference value is determined by using the operating 
point of the error amplifier Ampl as an initial value, there is a 
problem of overshooting in the output voltage signal Vout. 
[00112] Further, in the PWM/PFM selection circuit 10, it is 

10 determined that the load is light and there is no change in the 
output voltage signal Vout. Accordingly, the PWM/PFM signal 
becomes "Low", or when the PWM/PFM signal becomes "High" again, 
there is a problem of undershooting or overshooting in the output 
voltage signal Vout. 

15 [00113] To solve these problems, a DC-DC converter according to 
the second embodiment of the invention will be described next. 
Fig. 17 is a block circuit diagram of the DC-DC converter 
according to the second embodiment of the invention. The DC-DC 
converter converts an input power supply voltage Vin to a certain 

20 voltage level, and feeds the converted voltage to a load LOAD. 
The DC-DC converter includes an error amplifier Ampl, a capacitor 
CI for phase compensation, a resistance Rl for phase compensation, 
a feedback resistance R2, a feedback resistance R3, an oscillator 
circuit 0SC2, a comparator Cmpl for pulse width modulation, a 

25 one-shot circuit One-shot, multi-plexer circuits Muxl and Mux2, 
driver circuits Drl and Dr2, a p-channel transistor (MOSFET) PI 
for outputting, an n-channel transistor (MOSFET) Nl for 
outputting, a choke coil L, a diode D2, a smoothing capacitor 
Cout, a PWM/PFM selection circuit 10, and a subtraction circuit 

30 SUB1. 

[00114] The DC-DC converter according to the second embodiment 
is different from the DC-DC converter according to the first 
embodiment in that the oscillator circuit OSC1 in the first 




embodiment is replaced with the oscillator circuit 0SC2 having a 
structure (described later with reference to Fig. 19) . 
[00115] A feedback signal Vfb is obtained by dividing an output 
voltage signal Vout fed to a load LOAD by the resistance Rl and 
5 the resistance R2 . The feedback signal Vfb is connected to the 
Vp input terminal of the subtraction circuit SUBl. An output 
voltage control signal Vcont is connected to the Vm input 
terminal of the subtraction circuit SUBl. The subtraction 
circuit SUBl generates a difference signal Vsub indicating the 
10 difference between the feedback signal Vfb and the output voltage 
control signal Vcont. 

[00116] The error amplifier Ampl constitutes an integration 
circuit using the phase compensation resistance Rl and the phase 
compensation capacitance CI. A reference voltage signal Vr2 is 

15 connected to the positive input terminal of the error amplifier 
Ampl. The difference signal Vsub outputted from the subtraction 
output terminal of the subtraction circuit SUBl is connected to 
the negative input terminal of the error amplifier Ampl. 
[00117] A configuration of the- DC-DC converter according to the 

20 second embodiment has components same as those in the first 
embodiment. Thus, the same reference numerals and symbols in the 
DC-DC converter according to the first embodiment are used to 
describe the DC-DC converter according to the second embodiment, 
and their detailed descriptions are omitted for the sake of 

25 simplicity. 

[00118] Fig. 18 a circuit diagram of a subtraction circuit in 
the DC-DC converter shown in Fig. 17. The subtraction circuit 
SUBl includes an operational amplifier Amp3, a resistance Rll, a 
resistance R12, a resistance R13, and a resistance R14. The 
30 feedback signal Vfb equal to Vp is inputted to the positive input 
terminal of the operational amplifier Amp3 via the resistance Rll. 
A reference voltage signal Vr3 is inputted also to the positive 
input terminal of the operational amplifier Amp 3 via the 
resistance R12. The output voltage control signal Vcont equal to 



Vm is inputted to the negative input terminal of the operational 
amplifier Amp3 via the resistance R13. In case of Rll = R12 = 
R13 = R14, the difference signal Vsub outputted from the 
operational amplifier Amp3 is equal to Vp - Vm + Vr3. Therefore, 
5 the signal Vp - Vcont + Vr3 is applied to the negative input 
terminal of the error amplifier Ampl in the DC-DC converter shown 
in Fig. 17. 

[00119] When the reference voltage signal Vr2 for the error 
amplifier Ampl is set to be the same as the reference voltage 

10 signal Vr3 for the subtraction circuit SUB1, the potential of an 
error amplifier output signal Verr increases when the feedback 
signal Vfb is lower than the output voltage control signal Vcont 
(Vcont > Vfb) . Also, the potential of the error amplifier output 
signal Verr decreases when the feedback signal Vfb is higher than 

15 the output voltage control signal Vcont (Vcont < Vfb). Therefore, 
the DC-DC converter controlled in the PWM mode can prevent 
overshooting in the output voltage signal Vout even when the 
output voltage control signal Vcont changes stepwise, thereby 
obtaining the stable operation. 

20 [00120] Fig. 19 is a block circuit diagram of an oscillator 
circuit in the DC-DC converter shown in Fig. 17. The oscillator 
circuit 0SC2 includes an operational amplifier Amp2, multi-plexer 
circuits Mux3 and Mux4, comparators Cmp2 and Comp3, p-channel 
transistors (MOSFET's) P3 through P7, n-channel transistors 

25 (MOSFET's) N4 through N7, a resistance R5, a resistance R6, NOR 
gates NORl and N0R2, a reference voltage Vr6 (first reference 
voltage) , and a capacitor C3. 

[00121] In Fig. 19, either of an internal reference voltage 
Vrosc or the error, amplifier output signal Verr from the input 
30 terminal "in" is applied to the negative input terminal of the 
operational amplifier Amp2 constituting the oscillator circuit 
0SC2 according to the voltage of the input signal fed to the 
select terminal S from the multi-plexer circuit Mux3 . The multi- 
plexer circuit Mux3 has the function same as those of the multi- 
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plexer circuits Muxl and Mux2 shown in Fig. 2. In the multi- 
plexer circuit Mux3, when the selection signal PWM/PFM fed to the 
select terminal S thereof is indicating the PWM mode, the 
internal reference voltage Vrosc is outputted, and the error 
5 amplifier output signal Verr is outputted when the selection 
signal PWM/PFM is indicating the PFM mode. 

[00122] The drain of the p-channel transistor P3 and the 
positive input terminal of the operational amplifier Amp2 are 
connected to the output terminal of the multi-plexer circuit Mux4 . 

10 The "1" input terminal of the multi-plexer circuit Mux4 is 
connected to the ground via the resistance R5, that is a second 
resistance circuit. The "0" input terminal of the multi-plexer 
circuit Mux4 is connected to the reference voltage Vr6 via the 
resistance R6, that is the first resistance circuit. The 

15 selection signal PWM/PFM is fed to the select terminal S of the 
multi-plexer circuit Mux4 . 

[00123] The configuration includes the operational amplifier 
Amp2, the p-channel transistor P3, the resistance R5, the 
resistance R6, and the reference voltage Vr6. In the PWM mode, 
2 0 the value of the current 13 flowing through the p-channel 
transistor P3 is Vrosc/R5. The value of the current 13 is (Verr 
- Vr6)/R6 in the PFM mode. 

[00124] The inputs to the gates of the p-channel transistors P4 
and P3 are common, and the voltages between the gates and the 

25 sources thereof are the same. Therefore, the drain current 14 of 
the p-channel transistor P4 is equal to the product of the 
current 13 and a ratio of the gate widths and the gate lengths of 
the p-channel transistor P3 and the p-channel transistor P4 . 
This relation holds for the currents 15, 16 and 17 flowing 

30 through the other transistors. 

[00125] The gates of the p-channel transistor P7 and the n- 
channel transistor N7 are connected to the NOR gate N0R2 
constituting an RS flip-flop to supply an output signal Vc. 
Since the n-channel transistor N7 is ON and the p-channel 
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transistor P7 is OFF when the output signal Vc from the RS flip- 
flop is "High", the current 17 is discharged from the capacitor 
C3 via the n-channel transistors N7 and N6. Since the n-channel 
transistor N7 is OFF and the p-channel transistor P7 is ON when 
5 the output signal Vc from the RS flip-flop is "Low", the current 
16 is charged to the capacitor C3 via the p-channel transistors 
P6 and P7 . 

[00126] The potential of the triangular wave signal Vosc2 
outputted to charge the capacitor C3 is monitored by the 

10 comparators Cmp2 and Cmp3, which receive internal reference 
voltages Vhosc and Vlosc having a relation of Vhosc > Vlosc. The 
potential of the triangular wave signal Vosc2 increases when the 
output signal Vc from the RS flip-flop is "Low". The output of 
the comparator Cmp2 becomes "High" when the potential of the 

15 triangular wave signal Vosc2 exceeds the internal reference 
voltage Vhosc, and the output signal Vc of the RS flip-flop 
changes to "High" . Then, when the potential of the triangular 
wave signal Vosc2 becomes below the internal reference voltage 
Vlosc, the output of the comparator Cmp3 becomes "High", and the 

20 output signal Vc from the RS flip-flop returns to "Low". 

[00127] Fig. 20 is a chart showing a waveform of the triangular 
wave signal outputted from the oscillator circuit shown in Fig. 
19. The period Tr, for which the potential of the triangular 
wave signal Vosc2 rises, is expressed by the following expression 

25 where the triangular wave signal Vosc2 has the lower limit Vlosc 
and the upper limit Vhosc. 

Tr = C3 x (Vhosc - Vlosc) /I6 
Similarly, the period Tf, for which the potential of the 
triangular wave signal Vosc2 falls, is expressed by the following 

30 expression. 

Tf = C3 x (Vhosc - Vlosc) /II 
[00128] The currents 16 and 17 are proportional to the current 
13. Therefore, the oscillation frequency fosc2 of the triangular 
wave signal Vosc2 can be adjusted by changing the resistance R5, 
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the resistance R6, the internal reference voltage Vrosc, the 
reference voltage Vr6, or the voltage value of the error 
amplifier output signal Verr applied to the input terminal in of 
the multi-plexer circuit Mux3. 
5 [00129] The structure of the PWM/PFM selection circuit in the 
DC-DC converter according to the second embodiment is the same as 
that in the DC-DC converter according to the first embodiment. 
[00130] Overshooting and the undershooting that are caused when 
the DC-DC converter according to the first embodiment shown in 
10 Fig. 1 switches between the PWM control mode and the PFM control 
mode will be described next. Then, an operation of the DC-DC 
converter having the oscillator circuit OSC2 with the structure 
described above will be explained. 

[00131] Fig. 21 is a graph showing a relationship between the 
15 output voltage signal and the error amplifier output signal when 
the DC-DC converter shown in Fig. 1 is controlled in the PWM 
control mode according to the triangular wave signal Voscl. 
[00132] In the DC-DC converter shown in Fig. 1, in the PWM 
control mode, the triangular wave signal Voscl outputted from the 
20 oscillator circuit OSC1 shown in Fig. 3 is compared with the 
error amplifier output signal Verr, and the output voltage signal 
Vout is determined based on the value of the error amplifier 
output signal Verr. When the value of the error amplifier output 
signal Verr is lower than the lower limit Vlosc, the output 
25 voltage signal Vout is 0. When the value of the error amplifier 
output signal Verr is higher than the upper limit Vhosc, the 
output voltage signal Vout is equal to the input power supply 
voltage Vin. 

[00133] Fig. 22 is a graph showing a relationship between the 
30 oscillation frequency and the error amplifier output signal when 
the DC-DC converter shown in Fig. 1 is controlled in the PFM 
control mode according to the triangular wave signal Voscl. In 
the PFM control mode, in the oscillator circuit 0SC1 shown in Fig. 
3, the oscillation frequency fosc is determined in proportion to 




the value of the error amplifier output signal Verr, and the 
output current of the DC-DC converter is determined based on the 
determined oscillation frequency fosc. 

[00134] Fig. 23 is a graph describing operating points of the 
5 DC-DC converter shown relative to the error amplifier output 
signal in the PFM control mode and the PWM control mode. When 
the value of the error amplifier output signal Verr is Verrl, the 
output voltage signal Vout is VI in the PWM control mode and the 
oscillation frequency foes is foscl in the PFM control mode. 

10 That is, in the PFM control mode, the error amplifier output 
signal Verr is proportional to the oscillation frequency foes, 
and the oscillation frequency foes is proportional to the load 
current lout. Accordingly, the error amplifier output signal 
Verr may decrease from the upper limit Vhosc down near to 0 

15 according to the load current lout. In the PWM control mode, the 
output voltage signal Vout is determined by the error amplifier 
output signal Verr. 

. [00135] When the output voltage signal Vout of the DC-DC 
converter changes, or the load LOAD becomes heavier, the PFM 
20 control mode is switched to the PWM control mode. Figs. 24(a) 
and 24 (b) are charts explaining undershooting of the output 
voltage signal Vout when the PFM control mode is switched to the 
PWM control mode. 

[00136] It is assumed that the output voltage signal Vout is 
25 Voutl and the oscillation frequency corresponding to the output 
voltage signal Vout is fosc2 initially in the PFM control mode. 
It is also assumed that the error amplifier output signal Verr 
corresponding to a potential Vout3 changes to a potential Verr3 
when the control mode is changed to the PWM due to the variation 

■ 

30 of the output voltage signal Vout. Even if the control mode is 
changed from the PFM to the PWM, the error amplifier output 
signal Verr in the DC-DC converter according to the first 
embodiment does not change sharply due to the functions of the 
phase compensation capacitor CI and the phase compensation 
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resistance Rl. In other words, the error amplifier output signal 
Verr stays around the potential Verr2 corresponding to the 
oscillation frequency fosc2 for a while immediately after the 
control mode is changed to the PWM control mode. 
5 [00137] Since the potential Verr2 is lower than the lower limit 
Vlosc, the n- channel transistor (MOSFET) Nl in the output stage 
is always ON and the p-channel transistor (MOSFET) PI in the 
output stage is OFF by the function of the comparator Cmpl for 
pulse width modulation. Moreover, the output voltage signal Vout 

10 falls sharply toward 0 V at the time tl since the node of the 
output voltage signal Vout is grounded via the choke coil L and 
the n-channel transistor (MOSFET) Nl . Then, when the feedback 
signal Vfb from the output voltage signal Vout decreases, the 
error amplifier Ampl increases the output signal Verr again to 

15 the potential Verr3, and the output voltage signal Vout converges 
to the corresponding potential Vout3. 

[00138] In the DC-DC converter according to the first 
embodiment, a similar problem occurs when the PWM control mode is 
switched to the PFM control mode. Figs. 25(a) and 25(b) are 

2 0 charts explaining overshooting of the output voltage signal Vout 
when the PWM control mode is switched to the PFM control mode. 
[00139] It is assumed that the output voltage signal Vout is 
Vout3 in the PWM control mode and the oscillation frequency 
changes to fosc2 at the time of changeover to the PFM control 

25 mode. The error amplifier output signal Verr from the error 
amplifier Ampl has the potential Verr3 initially, and can not 
change sharply when the control mode is changed from the PWM to 
the" PFM. In the one-shot circuit One-shot, a switching signal is 
generated relative to the p-channel transistor (MOSFET) PI at a 

30 frequency higher than fosc2. As a result, an excess current 
flows into the smoothing capacitor Cout, and the output voltage 
signal Vout starts increasing at the time t2 . Then, the error 
amplifier Ampl decreases the error amplifier output signal Verr 
again to reach the potential Verr2 when the feedback signal Vfb 



from the output voltage signal Vout increases. The oscillation 
frequency of the switching signal becomes fosc2, and the output 
voltage signal Vout converges to the corresponding potential 
Voutl 

5 [00140] An operation of the DC-DC converter shown in Fig. 17 
will be described next. Fig. 2 6 is a graph showing a 
relationship between the oscillation frequency fosc and the error 
amplifier output signal Verr in the PFM control mode according to 
the triangular wave signal Vosc2 . Fig. 27 and Fig. 28 are graphs 
10 describing operating points relative to the error amplifier 
output signal Verr in the PFM control mode and the PWM control 
mode. 

[00141] An operation of the DC-DC converter using the 
oscillator circuit shown in Fig. 19 will be described next. In 
15 the DC-DC converter, it is possible to suppress undershooting and 
overshooting of the output voltage signal Vout. 

[00142] In the oscillator circuit 0SC2 shown in Fig. 19, the 
oscillation frequency fosc of the triangular wave signal Vosc2 is 
determined by the current 13. Since the current 13 is (Verr - 

20 Vr6)/R6 in the PFM control mode, the oscillation frequency fosc 
is determined in proportion to the value of (Verr - Vr6) in the 
range in which the error amplifier output signal Verr is larger 
than the reference voltage Vr6 (Verr > Vr6) , as shown in Fig. 26. 
[00143] In the range of Verr < Vr6, in the operational 

25 amplifier Amp2 shown in Fig. 19, the outputs from the multi- 
plexer circuits Mux3 and Mux4 are compared, and the output signal 
becomes "High". Accordingly, the p-channel transistors P3 and P4 
are shut off, and the currents 13 and 14 become zero, so that the 
oscillation frequency fosc becomes 0 as shown in Fig. 26. 

30 [00144] Fig. 27 a graph describing operating points relative to 
the error amplifier output signal Verr in the PFM control mode 
and the PWM control mode. In Fig. 27, the reference voltage Vr6 
is assumed to be higher than the lower limit Vlosc of the error 
amplifier output signal Verr. 
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[00145] When the output voltage signal Vout changes, the 
control mode of the DC-DC converter is switched from the PFM mode 
to the PWM mode. It is assumed that the initial output voltage 
signal Vout in the PFM control mode is Vout3a, and the 
5 oscillation frequency corresponding thereto is fosc2. It is also 
assumed that the error amplifier output signal Verr corresponding 
to the potential Vout3 changes to Verr3 when the output voltage 
signal Vout changes and the control mode is switched to the PWM 
control mode. 

10 [00146] Even when the control mode is changed from the PFM mode 
to the PWM mode, due to the phase compensation capacitor CI and 
the phase compensation resistance Rl, the error amplifier output 
signal Verr does not change sharply as in the DC-DC converter 
according to the first embodiment. In other words, for a while 

15 immediately after the control mode is changed to the PWM mode, 
the error amplifier output signal Verr stays around the potential 
Verr2 corresponding to the oscillation frequency fosc2. In this 
case, the output voltage signal Vout changes toward the voltage 
Vout3a corresponding to the error amplifier output signal Verr 

20 immediately after the control mode is changed over to the PWM 
mode. Then, the error amplifier Ampl increases the error 
amplifier output signal Verr in response to the fall of the 
feedback signal Vfb, which is the feedback signal of the output 
voltage signal Vout. 

25 [00147] It is possible to set the error amplifier output signal 
Verr corresponding to the oscillation frequency fosc2 determined 
by the value of the reference voltage Vr6 to have the potential 
Verr2, so that the potential difference between the potential 
Verr2 and the potential Verr3 in the PWM control mode becomes 

30 small. Therefore, it is possible to shorten the period until the 
error amplifier output signal Verr is set at the potential Verr3 
after the changeover to the PWM control mode. Therefore, a shift 
between the operating points in the PWM control mode and the 
absolute value of the undershooting is reduced. 




[00148] In the DC-DC converter according to the second 
embodiment of the invention, the same effect can be expected when 
the PPM control mode is changed to the PFM control mode. It is 
assumed that the output voltage signal Vout is Vout3 in the PWM 
5 control mode, and the oscillation frequency changes to fosc2 in 
association with the changeover to the PFM control mode. When the 
control mode is changed from the PWM mode to the PFM mode at the 
time t2, the error amplifier output signal Verr, which is Vout3 
initially, does not change sharply, and the p-channel transistor 

10 (MOSFET) PI is switching at a frequency higher than the 
oscillation frequency fosc2. However, when the potential 
difference between Verr2 of the error amplifier output signal 
Verr and Verr3 thereof in the PWM control mode is small, it is 
possible to shorten the period for which the error amplifier 

15 output signal Verr reaches the potential Verr2 from the potential 
Verr3. Therefore, the overshooting in the PWM control mode is 
reduced. 

[00149] As described above, when the operating points for the 
error amplifier output signal Verr are set in the PFM control 

20 mode and the PWM control mode as shown in Fig. 27, the potential 
Verr2 of the error amplifier output signal Verr is always higher 
than the lower limit Vlosc even if the oscillation frequency fosc 
is close to 0 when the PFM control mode is changed to the PWM 
control mode. Therefore, the n-channel output transistor 

25 (MOSFET) Nl never become ON continuously, and the p-channel 
output transistor (MOSFET) PI never become OFF. Also, the output 
voltage signal Vout never fall sharply toward 0 upon shifting to 
the PWM control mode. 

[00150] Although the overshooting of the output voltage signal 
30 Vout is reduced when the PWM control mode is changed to the PFM 
control mode, it is not preferable to shift to the PFM control 
mode when the output voltage signal Vout in the PWM control mode 
is lower than the potential VoutL corresponding to the reference 
voltage Vr6. This is because the oscillation frequency fosc in 
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the PFM control mode becomes 0 and the oscillation stops at the 
potential of the error amplifier output signal Verr corresponding 
to the output voltage signal Vout lower than the potential VoutL. 
[00151] Fig. 28 a graph describing operating points relative to 
5 the error amplifier output signal Verr in the PFM control mode 
and the PWM control mode. Unlike Fig. 27, the reference voltage 
Vr6 is set lower than the lower limit Vlosc of the error 
amplifier output signal Verr. This setting prevents the 
oscillation frequency fosc in the PFM control mode from becoming 
10 0 when the PWM control mode is changed to the PFM control mode, 
so that the oscillation does not stop. 

[00152] In the case that the PFM control mode is changed to the 
PWM control mode, it is assumed that the initial value of the 
output voltage signal Vout is Vout3 and the oscillation frequency 

15 corresponding thereto is fosc2. It is also assumed that the 
potential of the output voltage signal Vout is Vout3 immediately 
after the changeover to the PWM control mode and the potential of 
the error amplifier output signal Verr corresponding thereto is 
Verr3. As in the case shown in Fig. 27, it is possible to set 

20 the error amplifier output signal Verr corresponding to the 
oscillation frequency fosc2 determined by the value of the 
reference voltage Vr6 to have the potential Verr2, so that the 
potential difference between the potential Verr2 and the 
potential Verr3 in the PWM control mode becomes small. Therefore, 

25 it is possible to shorten the period until the error amplifier 
output signal Verr is set at the potential Verr3 after the 
changeover to the PWM control mode. Therefore, a shift between 
the operating points in the PWM control mode and the absolute 
value of the undershooting are reduced. 

30 [00153] When the oscillation frequency fosc before the shift to 
the PWM control mode is lower than the lower oscillation 
frequency limit foscl corresponding to the lower limit Vlosc of 
the error amplifier output signal Verr, the n-channel output 
transistor (MOSFET) Nl is ON continuously after the shift to the 
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PWM control mode* Therefore, the output voltage signal Vout 
drops sharply toward 0 in shifting from the PFM control mode to 
the PWM control mode. To avoid this problem, it is preferable 
not to use the oscillation frequency fosc in the PFM control mode 
5 lower than the lower oscillation frequency limit foscl. 

[00154] As described above, in the DC-DC converter according to 
the second embodiment, the reference voltage Vr6 is set higher 
than the lower limit Vlosc of the error amplifier output -signal 
Verr (Vr6 > Vlosc) when the lower voltage limit of the output 

10 voltage signal Vout is confined within a certain range. When the 
range of the output voltage signal Vout is expanded to 0 V and 
the load current lout is provided with a certain lower limit, the 
reference voltage Vr6 is set lower than the lower limit Vlosc of 
the error amplifier output signal Verr (Vr6 < Vlosc) . To 

15 eliminate the limitations of the output voltage signal Vout and 
the load current lout, the reference voltage Vr6 is set equal to 
the lower limit Vlosc of the error amplifier output signal Verr. 
[00155] In Figs. 27 and 28, the operating point in the PFM 
control mode corresponding to the upper limit Vhosc of the error 

20 amplifier output signal Verr is set at the upper oscillation 
frequency limit fosch, and the PFM control mode at a frequency 
higher than the upper oscillation frequency limit fosch is not 
considered. This is because the control mode is changed to the 
PFM mode to decrease the switching frequency in association with 

25 the decrease of the load current, thereby obtaining high 
conversion efficiency in a wide load range. 

[00156] In the oscillator circuit OSC2 shown in Fig. 19 
according to the second embodiment, it is possible to set the 
oscillation frequency in the PWM control mode and the oscillation 
30 frequency corresponding to the error amplifier output signal Verr 
in the PFM control mode independently. In the conventional DC-DC 
converters, a user sets the oscillation frequency thereof in the 
PWM control mode. For this purpose, it is preferable to provide 
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the resistance R5 constituting the integrated oscillator circuit 
0SC2 as an external part. 

[00157] When a circuit for setting the resistance R6 and the 
reference voltage Vr6 is provided as an external part of the 
5 integrated circuit, it is possible for the user to adjust the 
performances in the PFM control mode. Since it is possible to 
set the oscillation frequency independently in the PWM control 
mode and the PFM control mode, there is no restriction in setting 
the oscillation frequency when the oscillation frequency is set 
10 for either the PWM control mode or the PFM control mode, or for 
the PWM control mode and the PFM control mode. 

[00158] As described above, the DC-DC converter has the 
function of switching the PWM/PFM control mode, thereby obtaining 
the high conversion efficiency in a wide load range. It is also 
15 possible to change the output voltage at a high speed even when 
the DC-DC converter is in the PFM control mode under a light load 
condition. 

[00159] The DC-DC converter according to the invention does not 
generate the overshooting in the output voltage signal even when 

20 the output voltage control signal changes stepwise. Further, it 
is possible to suppress the undershooting and the overshooting 
and reduce the absolute values thereof when the PWM mode control 
is changed to the PFM control mode, thereby shortening the period 
that the undershooting or the overshooting continues. 

25 [00160] While the invention has been explained with reference 
to the specific embodiments of the invention, the explanation is 
illustrative and the invention is limited only by the appended 
claims . 
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